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Pediatric drowning[@ref1][@ref2][@ref3] is treated with normobaric 100% oxygen to maintain adequate systemic oxygenation.[@ref1] Serious cases cause angiosomic-based[@ref4] deep gray matter and cortical[@ref5] injury with resultant atrophy/ventricular dilatation.[@ref5][@ref6] To our knowledge and investigation reversal of gray matter (cortical volume loss) and white matter atrophy (ventricular dilatation) are unreported with any therapy. We report subacute treatment of a severe pediatric drowning case with repetitive short-duration normobaric oxygen and then hyperbaric oxygen that resulted in visually apparent and/or physical examination-documented neurological improvement with each therapy and near-complete reversal of cortical and white matter atrophy on magnetic resonance imaging (MRI).

C[ASE]{.smallcaps} R[EPORT]{.smallcaps} {#sec1-2}
=======================================

A 2-year-old girl was resuscitated at Washington Regional Medical Center, Fayetteville, AR, USA, from a Glasgow Coma Scale (GCS) of 3, fixed dilated pupils, and body temperature of 85.1°F (28.9°C) after a 15-minute submersion in 41°F (5°C) water. After 100 minutes of cardio-pulmonary resuscitation, the arterial pH was 6.53. Following hypothermia, vasopressors, ventilator support (10 days), and critical care at Arkansas Children's Hospital, Little Rock, AR, USA, the patient was discharged home 35 days post drowning unresponsive to all stimuli, immobile with legs drawn to chest, and with constant squirming and head shaking. MRIs at 3 (**[Figure 1](#F1){ref-type="fig"}**) and 31 (**[Figure 2](#F2){ref-type="fig"}**) days post drowning showed thalamic injury then generalized atrophy with evolving gray and white matter injury.

![Magnetic resonance imaging at 3 days after injury of the 2-year-old girl who experienced cardiac arrest after cold water drowning.\
Note: (A) Axial diffusion weighted image at three days post drowning, showing increased signal from acute ischemic injury to both thalami; (B) Coronal T2 weighted mid thalamic image 3 days post-drowning, showing subtle diffuse thalamic signal changes, normal ventricles, and normal cortical sulcal cerebro-spinal fluid spaces.](MGR-7-144-g001){#F1}

![Magnetic resonance imaging at 31 days after injury of the 2-year-old girl who experienced cardiac arrest after cold water drowning.\
Note: (A) Axial fluid attenuated inversion recovery (FLAIR) image at the level of the basal ganglia at 31 days post-drowning, showing subtle persistent diffuse signal irregularities in the gray and white matter (yellow arrows), diffuse gray matter atrophy (enlarged sulcal spaces), and white matter atrophy (enlarged lateral and third ventricles); (B) Coronal T2 image at the level of the thalami 31 days post-drowning, showing gray matter atrophy with increased cerebro-spinal fluid spaces at temporal and parietal lobes (green arrows) and cerebellar lobes (red arrows), and white matter atrophy with thinned corpus callosum (yellow arrow) and enlarged ventricles.](MGR-7-144-g002){#F2}

Author Paul G. Harch was consulted and commenced 2 L/minute nasal cannula 100% oxygen for 45 minutes twice/day bridging normobaric oxygen therapy at 55 days post-drowning. Within hours the patient was more alert, awake, and stopped squirming (see the movie at <https://www.youtube.com/watch?v=Pdy9w_3x2Lw&feature=youtube>. Entire movie is pre-, and post-drowning up to pre- and post-normobaric oxygen therapy, shown at 7 minutes 40 seconds mark and then 9 minutes mark). Neurological improvement rate increased over the ensuing 23 days with laughing, increased movement of arms, hands, grasp with the left hand, partial oral feeding, eye tracking, and short sentence speech (pre-drowning speech level, but with diminished vocabulary). Physical (PT), occupational (OT), and speech therapy (ST) were added on the 10^th^ day for 2 weeks.

Seventy-eight days post-drowning, hyperbaric oxygen treatment (HBOT) commenced with compressed air at 1.3 atmosphere absolute (1 ATA = 131.7 kPa) for 45 minutes total treatment time, once daily. Within hours the patient experienced decreased tone, increased gross motor activity, vocabulary, and alertness. After 10 sessions of HBOT, the patient's mother reported that the patient was "near normal, except for gross motor function;" PT was then reinstituted. After 39 sessions of HBOT, the patient exhibited: assisted gait, speech level greater than pre-drowning, near normal motor function, normal cognition, improvement on nearly all neurological exam abnormalities, discontinuance of all medications (buspar, propranolol, baclofen), and residual emotional, gait, and temperament deficits (**[Additional Video 1](#SD1){ref-type="supplementary-material"}**). Gait improvement was documented immediately upon return home at <https://www.youtube.com/watch?v=m2SBmdY4RXg&feature=youtu.be>. MRI at 27 days after 40-session HBOT and 162 days post-drowning demonstrated mild residual injury and near-complete reversal of cortical and white matter atrophy (**Figures [3](#F3){ref-type="fig"}**--**[6](#F6){ref-type="fig"}**), while further improved gait was documented at: <https://www.youtube.com/watch?v=UjtucZa7zmw&feature=youtu.be>.

![T2 coronal MRI images and axial fluid attenuated inversion recovery (FLAIR) image of the 2-year-old girl who experienced cold water drowning.\
Note: (A) T2 coronal images at the level of the thalami from left to right at 3, 31, and 162 days post-drowning, showing reversal of white matter and cortical atrophy. Corpus callosum white matter and temporal lobe gray matter calculations embedded: 3.17, 2.00, 3.57 mm, and 8.10, 6.31, and 7.75 mm, at 3, 31, and 162 days respectively. (B) Axial FLAIR image at the level of the basal ganglia 162 days post-drowning, showing scattered residual signal change in the white matter (yellow arrows) despite apparent global return to normal tissue volumes. MRI: Magnetic resonance imaging.](MGR-7-144-g003){#F3}

![Three-dimensional DWI volumes obtained from the level of the pons to the centrum semi-ovale as viewed from a caudal-oblique projection in the 2-year-old girl who experienced cold water drowning.\
Note: Axial images at 3, 31, and 162 days (left to right) post-drowning with iso-contour three-dimensional brain volume calculations of 697, 611, and 696 cm^3^, respectively. There is smaller volume and worsening of surface texture in the middle image and reversal of both in the third image. DWI: Diffusion weighted imaging.](MGR-7-144-g004){#F4}

![Partial T2 coronal MRI images at the level of the thalami at 3, 31, and 162 days post-drowning of the 2-year-old girl who experienced cold water drowning.\
Note: (A) Partial T2 coronal image at the level of the thalami at 3 days post-drowning with right temporal lobe gray matter (2.70--3.87 mm) and corpus callosum white matter (3.71--4.11 mm) thickness measurements. (B) Partial T2 coronal image at the level of the thalami 31 days post-drowning with right temporal lobe gray matter (2.39--2.65 mm) and corpus callosum white matter (1.88--3.91 mm) thickness measurements. (C) Partial T2 coronal image at the level of the thalami 162 days post-drowning with right temporal lobe gray matter (2.56--4.01 mm) and corpus callosum white matter (3.67--4.37 mm) thickness measurements. MRI: Magnetic resonance imaging.](MGR-7-144-g005){#F5}

![T2 coronal MRI images of the thalami in the 2-year-old girl who experienced cold water drowning.\
Note: T2 coronal images at the level of the thalami of MRI 3 (A), 31 (B), and 162 days (C) post-drowning with manually drawn surface area calculations of 77.8, 59.9, and 72.0 cm^2^, respectively. MRI: Magnetic resonance imaging.](MGR-7-144-g006){#F6}

D[ISCUSSION]{.smallcaps} {#sec1-3}
========================

Due to concern for oxygen toxicity,[@ref7][@ref8] continuous normobaric oxygen in acute cerebral injury is only used for normalization of systemic oxygenation.[@ref1] Short duration normobaric oxygen has been applied to acute focal stroke[@ref9] and traumatic brain injury,[@ref10] yet is unexplored in subacute hypoxic/ischemic encephalopathy (HIE). Short duration hyperoxia at or slightly above the equivalent level of normobaric oxygen in our case, in the form of hyperbaric oxygen or air, has been achieved in chronic toxic brain injury,[@ref11] traumatic brain injury,[@ref12][@ref13] autism,[@ref14] and cerebral palsy[@ref15][@ref16] where it is used for deoxyribonucleic acid (DNA) signal transduction[@ref17][@ref18] in combination with increased barometric pressure.[@ref19][@ref20] Intermittent hyperoxia and increased atmospheric pressure up- or down-regulate 8,101 genes in human endothelial cells.[@ref21] Sequential application of normo-baric oxygen and hyperbaric oxygen in our patient caused visually apparent and/or physical examination-documented neurological improvements consistent with gene signaling effects of oxygen and then pressure[@ref20] as well as the clinical effects demonstrated in chronic neurological disorders.[@ref11][@ref12][@ref13][@ref14][@ref15][@ref16]

Eight weeks post-drowning, our patient exhibited severe predictable[@ref1][@ref2] neurological deficits and MRI findings[@ref4][@ref5][@ref6][@ref22] that were reversed by short-duration normobaric oxygen and hyperbaric oxygen therapy. The decision to apply normobaric 100% oxygen was dictated by author PGH's inability to obtain HBOT in the patient's location and PGH's experience using normobaric 100% oxygen in unpublished cases of chronic multi-infarct dementia, traumatic brain injury and extremity ulcers. Cortical cystic lesion and cortical atrophy regression has been reported in a 2-year-old post-neonatal HIE, but white matter loss was unchanged.[@ref23] Spontaneous regression of both cortical and white matter atrophy is contrary to the natural evolution of non-neonatal HIE.[@ref24] T2 signal changes on days 4 and 32 indicated permanent brain tissue injury or loss (increased fluid spaces) and limited tissue salvage/future neurological improvement. The diffuse regrowth of tissue was validated by visual inspection and multiple calculations. A minimum 12.3% volume loss (86 cm^3^, underestimated due to inclusion of enlarged ventricles) was restored to the normal volume of a 24--36-month-old child.

Functional imaging has been used since 1990 in chronic neurological disorders,[@ref25][@ref26][@ref27][@ref28][@ref29][@ref30][@ref31][@ref32][@ref33][@ref34][@ref35][@ref36][@ref37][@ref38][@ref39][@ref40][@ref41][@ref42][@ref43] to document HBOT-induced neurological improvements. These improvements have evaded anatomical imaging due to the paucity of subacute pediatric cases, treatment of severe cases with large tissue loss, and the inability to capture metabolic[@ref25][@ref29][@ref30] and microscopic changes,[@ref31][@ref35][@ref42][@ref44] including microscopic neurogenesis.[@ref42][@ref45] The startling macroscopic regrowth of tissue in this case is explicable by early intervention prior to long-term tissue degeneration (e.g., Wallerian degeneration, apoptosis) in a growing child. The synergy of increased oxygen and increased oxygen with pressure in the hormone-rich childhood cerebral milieu is consistent with the synergy of growth hormones and hyperbaric oxygen[@ref17][@ref18] caused by normobaric and hyperbaric oxygen-induced gene signaling trophic,[@ref21][@ref46] anti-inflammatory,[@ref21][@ref46] and anti-apoptotic effects[@ref21][@ref46] on brain tissue.[@ref47] Trophism is the basis of oxygen and hyperbaric oxygen based wound-healing in animals and humans,[@ref48] including central nervous system injuries[@ref48] and is underscored in this patient by the concomitant rapid neurological improvements.

Substantial animal and human literature has demonstrated beneficial effects of hyperacute HBOT for resuscitation and post-resuscitation recovery from global ischemia/anoxia.[@ref49] Late application to drowning patients[@ref32][@ref36] and other global ischemia patients[@ref28][@ref49][@ref50] produces more modest effects. When hyperacute HBOT is precluded by availability or other non-medical factors bridging short-duration repetitive normobaric oxygen therapy may be an option until HBOT is available. Such low-risk medical treatment may have a profound effect on recovery of function in similar patients who are neurologically devastated by drowning; however it is impossible to conclude from this single case if the sequential application of normobaric oxygen then HBOT would be more effective than HBOT alone.

C[ONCLUSION]{.smallcaps} {#sec1-4}
========================

Short duration normobaric oxygen and hyperbaric oxygen therapy in the subacute phase of drowning recovery resulted in video-documented near-complete resolution of severe neurological deficits and near-complete reversal of gray and white matter atrophy on MRI. Hyperoxic and hyperbaric gene signaling-induced growth of both gray and white matter is the most likely explanation.
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